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ABSTRACT 
The Edwards Aquifer in central Texas is one of the largest carbonate aquifers in the 
United States, supplying nearly two million people with water. The role of microorganisms in the 
development of deep carbonate aquifers has not been thoroughly investigated. The Edwards 
Aquifer is composed of a freshwater zone and a sulfidic, saline water zone. Down-well video 
surveys show an abundance of white filamentous and planktonic biomass floating in the water 
column, indicating that the saline water may serve as a habitat for microbes and provide a unique 
opportunity to investigate microbially enhanced deep subsurface karstification. A combination of 
geochemical analyses, modeling, and in situ microcosms were used to study the effects of 
microbial colonization of aquifer rock on carbonate solubility. Ion speciation and mineral 
saturation states were calculated using the computer program Geochemist's Workbench. The 
saline water modeled as being undersaturated to supersaturated with respect to calcite (SI = -0.3 
to +1.5), but undersaturated with respect to gypsum (SI = -0.2 to -1.5) and supersaturated with 
respect to dolomite (SI = +0.5 to +3.9). In situ microcosms consisting of approximately 1 cm3 
calcite and dolomite chips (totaling 10 g) were placed in freshwater and saline water wells from 
150-220 meter water depths to test for rock dissolution due to microbial colonization. 
Examination of calcite surfaces for some of the wells, that modeled as being supersaturated with 
respect to calcite, showed dissolution pits, generally associated with microbes. Gypsum crystals 
were observed on some chips associated with cells, despite the waters being undersaturated with 
respect to gypsum. Dissolution of calcite and precipitation of gypsum may be due to local 
microbial metabolism. Results of this study provide insight into saline water carbonate 
dissolution, which may be enhanced by microbes and extend the depths to which karstification 
occurs.    
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CHAPTER 1: INTRODUCTION 
Sulfuric acid speleogenesis (SAS) enhances porosity development in sulfidic caves 
through the abiotic oxidation of hydrogen sulfide and subsequent production of sulfuric acid 
which condenses on cave walls and replaces calcite with gypsum (Egemeier, 1981).  White 
filamentous biofilms associated with active sulfidic cave systems enhance SAS by focusing 
sulfuric acid as a metabolic byproduct onto the surrounding carbonate rock (Hose et al., 2000; 
Engel et al., 2004); however, this association has not been thoroughly evaluated for a deep 
aquifer setting.  The carbonate Edwards Aquifer in central Texas is a deep aquifer that is 
composed of a freshwater zone and a sulfidic, saline water zone.  The saline water zone may 
serve as a unique opportunity to investigate the process of microbially enhanced SAS in the deep 
subsurface.  The goals of this study are to examine the role of geochemistry on carbonate 
solubility and the effects of microbial colonization of aquifer surfaces. 
 
MICROORGANISMS IN THE SUBSURFACE 
 
Microbes colonize areas previously thought uninhabitable, including the subsurface (e.g., 
Krumholz, 2000; Northup and Lavoie, 2001).  Some ecosystems derive their energy, either 
directly or indirectly, from the energy produced by photosynthesis.  However, deep sea vents 
(e.g., Amend and Teske, 2005), granitic aquifers (e.g., Pedersen et al., 1997), and massive basalt 
deposits (e.g., Stevens and McKinley, 1995) host microbial communities, even though these 
environments lack substantial organic carbon influx from the surface.  Chemolithoautotrophic 
microorganisms, who fix inorganic carbon through the coupled oxidation and reduction of 
inorganic molecules, dominate these habitats. 
Many different types of microbes have been identified and isolated from aquifer systems 
(e.g., Fry et al., 1997; Shi et al., 1999); however, limited research has been done on the 
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microbiology of sulfidic karst aquifers.  Aquifer biota have garnered increasing attention in 
regards to bioremediation of subsurface contamination and water quality of drinking supplies 
(Fetter, 1999).  Microbes in groundwater not only cause illnesses but also metabolize petroleum 
wastes into less harmful products (e.g., Lovely, 1997; Anderson et al., 1998).   
Microbial communities have been observed in carbonate caves where limited 
allochthonous carbon enters the systems (e.g., Sarbu et al., 1996).  These dark subsurface 
habitats are characterized by chemoautotrophically based ecosystems because there is no 
sunlight to support a community of photosynthesizers (Stevens and McKinley, 1995; Sarbu et al., 
1996; Vlasceanu et al., 1997; Engel et al., 2001).  Nitrogen, iron, sulfur, and manganese can all 
serve as energy sources for cave microbes (Northup and Lavoie, 2001).    For example, 
Thiobacillus thioparus, a sulfur-oxidizing bacteria, was isolated from a groundwater ecosystem 
in Movile Cave, Romania, where sulfur-oxidizing microbial groups serve as one of the primary 
producers for the ecosystem (Vlasceanu et al., 1997).   
Microbes in aquifers and caves are associated with various processes, including carbonate 
precipitation, trapping and binding of detritus to the surfaces on which the organisms live, and 
etching and subsequent destruction of these surfaces (e.g., Schultze-Lam et al., 1996; Ehrlich, 
1996a; Chapelle, 2000; Hammes and Verstraete, 2002).  There is also evidence from in situ 
microcosms that microbes can dissolve mineral surfaces to utilize certain elemental constituents 
for metabolism in an aquifer (Rogers et al., 1998; Bennett et al., 2001).  For example, Rogers et 
al. (1998) observed that microbes selectively colonize and breakdown specific silicate minerals 
to utilize available phosphorus and nitrogen as nutrient sources.  For carbonate rocks in aquifers 
and cave passages, sulfur-, iron-, and manganese-oxidizing bacteria produce acidity as a 
metabolic byproduct, and this dissolves the rocks (Northup and Lavoie, 2001).  For example, 
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sulfur-oxidizers, such as Thiobacillus spp. (Ehrlich, 1996b), oxidize available sulfide to sulfuric 
acid (Megonigal et al., 2005): 
HS- + ½ O2 + H+ → S0 + H2O  (∆Gr o = -209 kJ/mol S; Eq. 1) 
 So + H2O + 1 ½ O2 → SO42- + 2H+  (∆Gr o = -587 kJ/mol S; Eq. 2) 
Additionally, Fe (II) oxidizers, such as Thiobacillus ferrooxidans and Leptospirillum 
ferrooxidans, produce 12 protons for every 4 iron cations metabolized (Benner et al., 2000; ): 
4Fe2+ + O2 + 4H+ ↔ 4Fe3+ + 2H2O    (Eq. 3) 
4Fe3+ + 12H2O ↔ 4(FeOH)3 + 12H+    (Eq. 4) 
 
KARSTIFICATION PROCESSES AND SULFURIC ACID SPELEOGENESIS 
 
The classic explanation for most karst formation involves carbonate dissolution of 
soluble bedrock, typically limestone, and the creation of an underground drainage system by 
freshwater recharge running through cracks or fractures that gradually enlarge into caves or 
conduits (Ford and Williams, 1989; Palmer, 1991).  Dissolution of calcite and dolomite by 
carbonic acid results in karstification (White, 1988): 
 CaCO3 + H2O + CO2 ↔ Ca2+ + 2HCO3-   (Eq. 5) 
 CaMg(CO3)2 + 2H2O + 2CO2 ↔ Ca2+ + Mg2+ + 4HCO3- (Eq. 6) 
Calcium and magnesium cations released from the calcite and dolomite dissolution can then 
associate with other dissolved ions, for example forming neutral complexes such as CaCO30, 
CaSO40, MgCO30, and MgSO40 (White, 1988).  Complexes can reduce the ionic strength of the 
water and affect the activity coefficients of ions in solution (White, 1988).  Even though a 
reduction in ionic strength causes an increase in the solubility of calcite and gypsum, this 
increase is generally <10%.  However, complexation has a greater effect on computed saturation 
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indices (Ford and Williams, 1989).  If pairing is not accounted for in the model, then the 
saturation indices of carbonate species will be overestimated (Ford and Williams, 1989). 
Several different mechanisms have been identified that are responsible for carbonate 
dissolution, including meteoric recharge (Ford and Williams, 1989; Palmer, 1991), 
freshwater/saline water mixing (e.g., Back et al., 1986; Musgrove and Banner, 1993), and 
microbial processes (e.g., Hill, 1995; Engel et al., 2004).  Mixing of fresh groundwater and saline 
water locally increases carbonate porosity and permeability, and consequently the formation of 
conduits (e.g., Plummer, 1975; Back et al., 1986; Musgrove and Banner, 1993; Machel, 1999).  
Mixing of different waters that are both saturated with respect to carbonate mineral phases (e.g., 
calcite) can also lead to undersaturation due to the process of “mixture corrosion” (Bogli, 1965; 
Palmer, 1991; Hill, 1992).  Also, a decrease in pressure will lead to carbonate supersaturation 
and precipitation, such as fluids vertically migrating through fractures and faults (Machel, 1999). 
In contrast, SAS is a karstification process that was originally identified and defined by 
Egemeier (1981) to be a subaerial process in Lower Kane Cave, Wyoming.  It involves the 
volatilization of hydrogen sulfide and its autooxidation to sulfuric acid on moist cave surfaces.  
The acid dissolves the host limestone:  
H2S + 2O2 ↔ H2SO4      (Eq. 7) 
and replaces the carbonate with gypsum:  
H2SO4 + CaCO3 + H2O ↔ CaSO4·2H2O + CO2  (Eq. 8) 
Cave passage sizes increase when the gypsum dissolves into the cave waters that are 
undersaturated with respect to gypsum: 
CaSO4 . 2H2O ↔ Ca2+ + SO42- + 2H2O   (Eq. 9) 
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Several different types of caves have formed from SAS, including ancient caves like the 
Carlsbad Cavern and Lechuguilla Cave in New Mexico (Hill, 1990; Palmer, 1991; Polyak et al., 
1998; Jagnow et al., 2000), and active systems such as Cesspool Cave, Virginia (Hubbard et al., 
1990), Lower Kane Cave, Wyoming (Engel et al., 2004), and Movile Cave, Romania (Sarbu et 
al., 1996).   
Active SAS caves can be colonized by microbial mats that are associated with the sulfidic 
springs or streams (e.g., Vlasceanu et al., 1997; Hose et al., 2000; Engel et al., 2001; Barton and 
Luiszer, 2005). These microorganisms enhance SAS because the conversion of hydrogen sulfide 
to sulfuric acid proceeds both abiotically and biotically in oxidizing conditions, such as near the 
water table (Hubbard et al., 1990; Hill, 1995; Engel et al., 2004).  However, more reducing 
conditions exist below the water surface where microaerophilic and anaerobic sulfur-oxidizing 
bacteria can still be active. These bacteria use available electron acceptors, such as low 
concentrations of oxygen (<1%) or nitrate (Takai et al., 2004) and produce excess protons in the 
form of sulfuric acid.  For example, members of the class Epsilonproteobacteria, identified from 
Lower Kane Cave microbial mats, may consume hydrogen sulfide and produce sulfuric acid 
(Engel et al., 2004):   
H2S + 2O2 ↔ SO42- + 2H+     (∆Gr o = -798 kJ/mol S; Eq. 10) 
Other genera, such as Thiobacillus, Thiothrix, and Beggiatoa, form intermediate elemental sulfur 
(Eq. 1) that precipitates inside the cell and is stored for periods of environmental stress (Eq. 2) 
prior to being oxidized (Megonigal et al., 2005).  In the absence of oxygen, nitrate can be utilized 
(Kelly, 1999; Zopfi et al., 2001): 
 H2S + NO3- + H2O ↔ SO42- + NH4+   (∆Gr o = -449.8 kJ/mol; Eq. 11) 
5S2O32- + 8NO3- + H2O ↔ 10SO42- + 2H+ + 4N2 (∆Gr o = -750.8 kJ/mol; Eq. 12) 
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 SAS may be a driving mechanism behind karst aquifer development (Bennett and Engel, 
2005); however, the connection of SAS in deep aquifers has not been thoroughly investigated.  
The presence of a water table does not preclude SAS.  Microbial oxidation of hydrogen sulfide to 
sulfuric acid and subsequent calcite dissolution could occur at depth, even in an anaerobic 
aquifer.   
 
THE EDWARDS AQUIFER, TEXAS  
 
The Edwards Plateau was produced by several different geologic and hydrologic 
processes, including deposition of carbonate rocks on a passive margin, diagenesis, uplift, and 
subsequent karstification (Fig. 1.1; Oetting et al., 1996).  The aquifer stretches over 480 km from 
the Rio Grande River near Del Rio, Texas, to Salado, Texas, ranges from 10 to 60 km wide, and 
is between 60 to 275 meters thick, thinning to the north (Clement and Sharp, 1988; Sharp and 
Banner, 1997).   
The Edwards Group rock units are composed of limestones, dolostones, and laterally-
extensive gypsum deposits that accumulated on a lower Cretaceous, shallow marine platform 
during periods of evaporation in the basin (Figs. 1.1 and 1.2; Maclay and Small, 1986).  The 
Edwards Group overlies the Glen Rose Limestone of the Upper Trinity Group and underlies the 
Del Rio Clay of the Washita Group (Fig. 1.2; Sharp, 1990; Oetting et al., 1996).  The Glen Rose 
and Del Rio formations are both clay rich and of low permeability, and each serve as confining 
units for the Edwards Aquifer (Oetting et al., 1996).   
Prior to deposition of the Georgetown Formation, uplift and exposure of the Edwards 
Group limestones resulted in freshwater dissolution and karstification (Clement and Sharp, 
1988).  The principal alteration in the freshwater zone is dedolomitization from extensive 
freshwater flushing which removes magnesium from dolomite and replaces it with calcium 
 7
(Maclay and Small, 1986; Clement and Sharp, 1988).  The Edwards Aquifer freshwater zone has 
cavernous porosity and high permeability (Oetting et al., 1996).  The saline water zone also has 
high porosity, but lacks large pore openings, and hence has low permeability (Maclay and Small, 
1986).  Low permeability results from relatively little post-depositional diagenesis or 
karstification in the saline water zone (Maclay and Small, 1986).  Several members of the 
Edwards Group exhibit karst porosity and permeability (Fig. 1.2) (Small and Hanson, 1994) that 
may be due to middle Cretaceous subaerial exposure.  Of the Edwards Group, the marine 
Kirschberg Evaporite and Cyclic members are the most permeable, and the Leached, Collapsed, 
Kirschberg Evaporite, Dolomitic, and Basal Nodular members all possess cavernous porosity 
that could be due to both Cretaceous and later (e.g., Holocene) karstification (Small and Hanson, 
1994).    
During the Miocene, differential uplift of the Edwards Plateau was caused by loading of 
the continental shelf and created the Balcones Fault Zone (BFZ) (Land and Prezbindowski, 
1981).  This fault zone consists of northeast – southwest trending, high angle normal faults that 
occur from Del Rio to Austin, Texas (Fig. 1.3).  Average fault throw is estimated to be between 
50 and 250 meters, and throw increases to the northeast (Clement and Sharp, 1988).   
The rocks in the freshwater zone are calcitic, strongly recrystallized and dense, with little 
pyrite and no gypsum (Maclay and Small, 1986; Clement and Sharp, 1988).  Rock lithology in 
the saline water zone is mostly dolomite replacing micrite, with unoxidized organic material, 
pyrite, gypsum, and celestite (Longman and Mench, 1978; Maclay and Small, 1986).   
 
HYDROGEOLOGY     
 
Sixty to eighty percent of Edwards Aquifer recharge is derived from stream losses from 
the Edwards (and Trinity) Plateau, an uplifted area located northwest of the BFZ, and discharge 
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Figure 1.1.  Cross section of the geologic evolution of the Edwards Aquifer.  (1) Central Texas 
during the Cretaceous; (2) Uplift of central Texas; (3) Karstification of Edwards Formation due 
to surface exposure; (4) Additional deposition of Cretaceous sediments; (5) Regional uplift and 
faulting; (6) Exposure of karstified Edwards Formation.  From Gregg Eckhardt 
(http://edwardsaquifer.net/geology.html).   
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Figure 1.2.  Stratigraphic column of the Edwards aquifer and associated units (modified from 
Rose, 1972; Small and Hanson, 1994).  An approximate age of 100 Ma is assigned to base of the 
Gulf Series (Sharp and Banner, 1997).  Mb=member; Ls=limestone; Fm=formation; Sh=shale. 
24 
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Figure 1.3.  Schematic cross section of the Edwards Aquifer region showing the Edwards (and 
Trinity) Plateau, Balcones Fault Zone, and saline water zone.  Water flow is from North (left) to 
South (right).  Figure from the San Antonio Water System (http://www.saws.org/our_water/ 
aquifer/aboutaquifer.shtml).  
 
 
 
is to springs and through pumping for human use (Figs. 1.3 and 1.4; Maclay and Small, 1986; 
Schindel, 2004).  Geomorphic features dissecting the carbonate plateau (for example, losing 
karst streams, sinkholes, etc.; Palmer, 1991) channel the gaining rivers of the Edwards 
Watershed into faults and fractures of the karstified Edwards Group outcrops.  Geochemical 
analyses of surface water from the Plateau indicate that recharging waters are at or near 
supersaturation with respect to calcite as a result of substantial limestone weathering across the 
Plateau (Groeger and Gustafson, 1994).  
The BFZ serves as the southern boundary for the southeast dipping Edwards Aquifer 
where the overlying Del Rio Clay is downthrown and is in contact with the Edwards Aquifer 
units (Fig. 1.3; Maclay and Small, 1986).  The BFZ may either serve as a no-flow barrier,  
Figure is not to scale 
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Figure 1.4.  Edwards Aquifer region.  Recharge area shown in blue and Edwards Aquifer 
artesian zone shown in orange.  The bad water line is delineated in red, paralleling the Balcones 
Fault Zone.  Map from the San Antonio Water System (http://www.saws.org/our_water/ 
aquifer/aboutaquifer.shtm).  
 
 
Artesian area 
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resulting in a relatively stable freshwater/saline water interface (Maclay and Small, 1983), or act 
to focus groundwater flow as a result of high permeability along fault planes (Clement and 
Sharp, 1988; Kuniansky et al., 2001).   
The BFZ divides the Edwards Aquifer into freshwater and saline water zones.  The 
freshwater portions of the Edwards Aquifer typically have total dissolved solids (TDS) values 
ranging from 250-300 mg/L (Cederberg et al., 1998).  Chemical conditions are oxidizing in the 
freshwater zone of the aquifer, and sulfate, chloride, and sodium are typically <50 mg/L 
(Clement and Sharp, 1988).  The freshwater/saline water interface, locally known as the bad 
water line (BWL), marks the transition from oxidizing freshwater to reducing saline water, as 
identified from geochemistry and mineralogy (Fig. 1.5A; Clement and Sharp, 1988).  Hydrogen 
sulfide odor emanates from some wells (Clement and Sharp, 1988) and is recorded in well 
drillers’ logs.  The BWL generally parallels the BFZ, but is vertically variable over much of its 
length (Guyton, 1979; Clement and Sharp, 1988; Fig. 1.5B).  The BWL is defined by TDS 
values >1,000 mg/L.  Some wells in the saline water section of the aquifer, however, have 
recorded TDS values >10,000 mg/L (Cederberg et al., 1998).   
The extent of mixing between freshwater and saline water has been debated (Land and 
Prezbindowski, 1981; Clement and Sharp, 1988; Oetting et al., 1996; Sharp and Banner, 1997).  
Uranium isotope ratio analyses show that the freshwater/saline water interface has gradually 
progressed downdip over time, with occasional intervals of updip movement (Cowart, 1980).  
The intrusion of trace amounts of saline water into freshwater springs also suggests that the 
freshwater/saline water boundary has changed through time (Clement and Sharp, 1988).  
Overpumping, combined with drought conditions and increased urbanization, could cause saline 
water encroachment into freshwater wells.  A monitoring project was undertaken by the Edwards  
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A
A’
A-A’
 
 
Figure 1.5.  Spatial TDS configuration, defining the boundaries of the bad water line.  (A)  
Geographic distribution of saline water as identified from well chemistry.  Points represent 
sampling wells and blue line represents the bad water line.  (B) Cross section of A-A’, showing 
Balcones faulting and vertical variability of the bad water line.  The study area for this thesis 
comprises northern Bexar, Comal, and Hays counties, on the southeastern side of the map.  
Modified from Maclay and Small (1984).   
A. 
B. 
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Aquifer Authority (EAA) in San Antonio in July, 1996, to study saline water encroachment on 
freshwater wells (Cederberg et al., 1998).  During the study period (July 1996- December 1997), 
recharge to the aquifer was higher than normal due to increased rainfall in the region, resulting in 
little change in freshwater chemistry.  The EAA is currently monitoring the groundwater 
chemistries for possible encroachment problems (Cederberg et al., 1998).  However, the effects 
of overpumping freshwater for human usage, and the possible forcing of saline water into the 
freshwater, are unclear at this time (Sharp and Banner, 1997).   
Different geochemical facies have been identified in the Edwards Aquifer based on major 
ion composition and inferred transport and fluid mixing processes (Tables 1.1 and 1.2), including 
vertical leakage from the Glen Rose Limestone, Trinity Aquifer, Edwards Group updip brine 
migration, freshwater recharge, and evolved meteoric water (Clement and Sharp, 1988; Oetting 
et al., 1996).  According to Clement and Sharp (1988), sodium and sulfate leak into the Edwards 
Aquifer from the Trinity Aquifer, and sodium, calcium, and chloride migrate updip from brines 
associated with hydrocarbon reservoirs.  Incongruent dissolution of gypsum and recrystallization 
of calcite and dolomite also contribute to saline water evolution (Oetting et al., 1996).  For 
example, Facies A (Table 1.2) freshwaters are explained by the dissolution of gypsum and 
subsequent precipitation and recrystallization of calcite. 
Clement and Sharp (1988) defined the Bexar to Hays county segment of the Edwards 
Aquifer as the two different water facies 2 and 3 (Fig. 1.6; Table 1.1).  Facies 2, Ca-Mg-SO4 
with high Na and Cl, is found from western Uvalde County to northeastern Bexar County.  The 
San Marcos Arch serves as the transition from facies 2 to facies 3 (Clement and Sharp, 1988).   
Extensive dolomitization along the flank of the arch has resulted in compartmentalization of the 
facies, with little mixing between them (Clement and Sharp, 1988).  Facies 3 stretches across the 
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San Marcos Arch, which was exposed to more meteoric circulation than the surrounding areas, 
and hence has greater leaching of evaporites and dolomitization.  Faulting is most severe in 
facies 3, resulting in the aquifer being completely compartmentalized in some places, restricting 
freshwater recharge and causing the aquifer to be more mineralized in this section (Clement and 
Sharp, 1988).   
Oetting et al. (1996) used strontium isotopes to define further the Edwards Aquifer 
geochemistry, identifying six different facies (Fig. 1.7).  The present study corresponds to facies 
C and D, areas that were heavily influenced by the development of the San Marcos Arch.  The 
increasing faulting and dolomitization to the east (towards facies D) caused changes in aquifer 
chemistry.  Saline water composition in these facies is the result of mixing of three endmember 
fluids: evolved meteoric water, Edwards Group brines, and saline Glen Rose leakage. 
Several other studies have examined the isotopic composition of the Edwards Aquifer.  
Cowart (1980) examined uranium isotopes to assess the redox conditions in the Edwards Aquifer 
and the migration of the bad water line over geologic time.  Rye et al. (1981) studied the sulfur 
isotope compositions (δ34S) to determine that biogenic sulfate-reduction, with lesser amounts of 
updip oil field brine migration is the source of the hydrogen sulfide in the saline water.  Land and 
Prezbindowski (1981) utilized oxygen and hydrogen isotope systematics to determine that saline 
water is sourced from downdip Edwards Group brines. 
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Table 1.1.  Hydrochemical facies identified and defined from Clement and Sharp (1988).  Wells 
from this study correspond to Facies 2 and 3. 
 
Hydrochemical 
Facies 
Chemical 
Composition 
Geographic 
Distribution (counties) 
Evolution of Aqueous 
Chemistry 
 
1 
 
Ca-SO4 
 
Kinney and Val Verde 
 
Fresh water dissolution of 
anhydrite 
 
2 
 
Ca-Mg-SO4 
 
Uvalde, Medina, 
Bexar 
 
Brine migration along faults 
 
3 
 
Na-Cl 
 
Bexar, Comal, Hays, 
Travis 
 
Mixing of fresh, Glen Rose 
leakage, and brines 
 
4 
 
Na-Cl-SO4-
HCO3 
 
Williamson and  Bell 
 
Fluid migration up faults from 
Trinity Group 
 
 
 
 
 
Figure 1.6.  Spatial distribution of the Edwards Aquifer hydrochemical facies, as defined by 
Clement and Sharp (1988).  The study area for this thesis encompasses Ca-Mg-SO4 with high 
Na-Cl and Na-Cl with high Ca-Mg-SO4 (Facies 2 and 3).  Map modified from Clement and 
Sharp (1988). 
Facies 1 
Facies 2 
Facies 3 
Facies 4 
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Table 1.2.  Hydrochemical facies defined by Oetting et al. (1996).  Wells from the present study 
correspond to facies C and D. 
 
Hydrochemical  
Facies 
Geographic Distribution 
(counties) 
Evolution of Aquifer  
Chemistry 
A Kinney and Val Verde Gypsum dissolution, calcite precipitation and 
recrystallization 
B Uvalde and Medina Mixing of evolved meteoric waters, Edwards 
brines, and/or saline Glen Rose leakage 
C Bexar Mixing of evolved meteoric and Edwards brines 
D Comal, Hays, and Travis Mixing of evolved meteoric water, Edwards 
brines, and saline Glen Rose leakage 
E and E’ Williamson Mixing of Edwards freshwaters and saline 
groundwater from underlying units 
  
Figure 1.7.  Map of Edwards Aquifer region and hydrochemical facies A-E’.  SMA in figure B 
indicates San Marcos Arch.  From Oetting et al. (1996).
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RESEARCH HYPOTHESES 
 
This interdisciplinary research is the first of its kind to examine carbonate geochemical 
equilibrium and possible microbial influences on rock dissolution and karst processes in the area 
of the Edwards Aquifer from San Antonio to Kyle, Texas.  It is hypothesized that microbes 
colonize rock surfaces and microbial metabolic byproducts, such as sulfuric acid, may be 
accelerating carbonate dissolution in the saline portions of the aquifer, thereby increasing 
secondary porosity.  The two research goals are: (1) to evaluate the aqueous geochemistry and 
specifically carbonate geochemistry in the aquifer, and (2) to examine the effects of microbial 
colonization of carbonate rocks in the saline water zone.  This research will significantly enhance 
our understanding of the Edwards Aquifer habitat and the role of microorganisms in habitat 
evolution.   
 
SIGNIFICANCE   
 
The Edwards Aquifer is ecologically, geologically, and economically important for 
central Texas.  The Edwards Aquifer is known to support 44 endangered or threatened endemic 
animal species and 8 aquatic endemic species (Jones et al., 2003), but it is not known how many 
of these organisms are dependant on aquifer microorganisms, for example, as a food source. 
Moreover, sulfur-oxidizing bacteria may produce chemical energy for the aquifer ecosystem, 
making the Edwards Aquifer the largest known chemosynthetically-based ecosystem.  This 
would broaden the field of microbial ecology research into deep subsurface carbonate aquifers.  
As much as 10% of known caves develop from sulfuric acid dissolution (Palmer, 1991), but it is 
unclear what the percentage of deep and virtually inaccessible aquifers (including the Edwards 
Aquifer) are thought to develop by this process.  Microbially mediated SAS of deep karstic 
aquifers would expand the realm of this process farther into the lithosphere.  Due to increased 
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urbanization and agricultural needs, saline water may be encroaching on freshwater supply wells 
(Sharp and Banner, 1997), making investigations into the saline water zone dynamics important.  
Also, the Edwards Aquifer is one of the largest carbonate aquifers in the U.S., supplying nearly 2 
million people with water (Sharp and Banner, 1997; Schindel et al., 2000).  Microbially mediated 
enhancement of secondary porosity affects the volume of water that the aquifer can hold and the 
ease with which the water is pumped.   
 
ORGANIZATION 
 
The following chapters describe the influence of water chemistry and microbial activity 
on the dissolution of carbonates in the aquifer.  Chapter 2 focuses on the chemical composition 
and mineral saturation indices of the Edwards Aquifer using laboratory and field analyses and 
geochemical speciation modeling of the water.  Chapter 3 describes the effects of 
microorganisms on in situ microcosm experiments using a combination of microcosm chip 
microscopy and percent weight loss.  These data allow for a more detailed evaluation of 
chemical and biological effects on aquifer dynamics.  In Chapter 4, conclusions are drawn 
regarding the possible influences that microbiology has on aqueous chemistry and saline water 
zone karstification in the Edwards Aquifer system. 
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CHAPTER 2: GEOCHEMISTRY OF THE EDWARDS AQUIFER 
 
INTRODUCTION   
 An understanding of Edwards Aquifer water chemistry is necessary to evaluate the 
interactions and collective impact of water, rock, and microbes on the aquifer system.  Chemical 
analyses of fresh and saline water were taken from the Texas Water Development Board, and 
various physiochemical properties were modeled for ionic strength and speciation of dominant 
mineral phases, such as calcite, dolomite, and gypsum.  This permitted a regional assessment of 
water chemistry.  Field and laboratory analyses of water collected from four microcosm study 
wells in the San Antonio region was done and the data from three of the four microcosm study 
wells  (one well was in the Trinity Aquifer) were also conceptually modeled in an effort to place 
these new wells into the larger regional context.  Modeling of regional chemistry was crucial to 
determine the relative influences of aqueous chemistry on mineral dissolution and precipitation 
within the aquifer, which allowed for future evaluation of what roles microbes may be playing in 
aquifer processes (see Chapter 3).   
 
MATERIALS AND METHODS 
 
Geochemical Data Acquisition  
 
For this study, water chemistry from 78 wells from Bexar, Comal, Hays, Uvalde, 
Bandera, Kendall, and Medina counties in central Texas was obtained from the Texas Water 
Development Board (TWDB) website (http://www.twdb.state.tx.us/home/index.asp).  Data 
included latitude, longitude, pH, temperature (C ˚), total dissolved solids (TDS), and major 
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cation and anion concentrations (Appendix A).  These geochemical data cover an area 
approximately 20 by 15 kilometers, roughly paralleling the BFZ. 
Well data used in this study were selected based on several factors, including geographic 
proximity to San Antonio and completeness of data (e.g., having pH and temperature).  Also, 
Edwards Aquifer wells located outside of the seven county area were not used in order to remain 
within the same geochemical facies, as defined from previous studies (see Chapter 1, Oetting et 
al., 1986; Clement and Sharp, 1988).   
 
Water Sampling  
 
Wells were selected for field analyses on the basis of previously measured chemistries 
and the nature of the well casing.  Edwards Aquifer saline water wells with an odor of hydrogen 
sulfide (from drillers’ logs) were also preferred.  Non-artesian wells were required because 
microcosms would not be deployable in artesian flowing wells without modification to the wells 
(see chapter 3 for microcosm discussion).  During this study period, seasonal rains caused higher 
than usual water table levels resulting in artesian conditions in the San Antonio area, and non-
flowing wells north of San Antonio were required.  Also, because most of the wells in the San 
Antonio region were equipped with pumps, many of the wells were not appropriate for 
microcosm experimentation.  The microcosm apparatus used in this study was approximately 5.5 
cm wide and larger diameter well casings were required.  Wells could not be cased because 
microcosms needed to be placed in the free-flowing aquifer; microcosms within the casing 
would not retain representative microbes from the aquifer, as water within the casing probably 
has different chemistries, and hence different microbial communities.  Well casing information 
was obtained from drillers’ logs on the TWDB website. 
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Field sampling of groundwater from four wells in the study area was conducted to assess 
the potential impact of aquifer chemistry and microbes on calcite dissolution or precipitation.  
Water was collected from two wells maintained by the Edwards Aquifer Authority (EAA): state 
well # 6828310 (latitude 29.3548, longitude 98.3024; Sonterra #8) and state well # 6830807 
(latitude 29.313, longitude 98.1745; Randolph Air Force Base).  Two additional wells from the 
San Antonio Water System (SAWS) were also studied: state well #6709401 (latitude 29.4945, 
longitude 97.5745; Fish Hatchery #2) and state well # 6702105 (latitude 29.5729, longitude 
97.5031; Kyle #4).  Sonterra #8 was within the Trinity Aquifer and was sampled using a bailer to 
a depth of 75 meters.  With the help of the SAWS group, the Edwards saline water wells, Fish 
Hatchery #2 and Kyle #4, were purged by pumping for 1.5 to 2 hours before water samples were 
collected.   
Logs of all four wells were acquired by the EAA and SAWS (Fig. 2.1).   Logs included 
gamma ray, calipers, neutron porosity, z density porosity, and electrical conductivity.  Peaks in 
the electrical conductivity logs aided in determining the placement depths for microcosms, as 
higher conductivity indicated saline water zones.  Previously acquired video of the wells by EAA 
was observed to verify depth to casing, aquifer openings (e.g., caves or voids), and microbial 
colonization (Chapter 3).  A new conductivity log and down-well video were done at the 
Randolph well to determine placement depth of the microcosms. 
 
Geochemical Analyses 
 
Various physiochemical water properties were measured in the field using standard 
electrode methods (APHA, 1998), including dissolved oxygen, conductivity, salinity, 
temperature, pH (with a double junction electrode to avoid high H2S), and oxidation-reduction 
potential.  Field measurements of fugative ions were also done spectrophotometrically (APHA, 
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1998), including the CHEMetrics methods (CHEMetrics, Inc., Calverton, VA) for nitrate 
(cadmium reduction method), nitrite (azo dye formation method), ammonia (salicylate chemistry 
and direct nesslerization), iron [(3-(2-pyridyl)-5,6-bis(4-phenylsulfonic acid)-1,2,4-triazine 
disodium salt and phenanthroline method)], phosphate (stannous chloride and 
vanadomolybdophosphoric acid method), sulfide (methylene blue method),  and dissolved 
oxygen (indigo carmine and Rhodazine D methods).  Alkalinity (as total titratable bases) was 
determined in the field by titration with 0.1 N sulfuric acid (APHA, 1998).  Alkalinity was used 
as a proxy for HCO3- based on the pH of the aquifer. 
Water was also collected at each well in order to conduct further laboratory analyses at 
Louisiana State University, including measurement of dissolved anions using single column Ion 
Chromatography (IC) (Environmental Protection Agency method 9056; Manual SW-846, Test 
Methods for Evaluating Solid Waste, Physical/Chemical Methods; http://www.epa.gov/ 
epaoswer/hazwaste/test/main.htm).  Saline water samples were diluted 1:200 due to the high 
TDS.  A standard deionized water sample was analyzed for comparison and showed no 
detectable anions.  
 
Geochemical Modeling 
 
The physicochemical data were used to evaluate ion and neutral complex concentrations, 
to determine the saturation states of minerals, and to calculate CO2 fugacity in Geochemist’s 
Workbench, version 5.0 (Bethke, 2004).  The primary dataset used was “thermo.dat.” which 
contained data for 646 aqueous species, 624 minerals, and 10 gases.   An extended form of the 
Debye-Hückel equation was used to calculate activity coefficients.  A Pitzer model 
(thermo_phrqpitz) was used for data with ionic strength values > 0.1; the model dataset  
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Figure 2.1.  Gamma ray, caliper, and porosity logs from Fish Hatchery #2.  Extreme changes in 
porosity on the caliper log indicate large porosity.  Arrow indicates depth of microcosms (600 ft 
= 90 meters). 
Placement of 
microcosm (600 ft) 
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contained 28 aqueous species, 44 minerals, and 1 gas.  This model utilized the Harvie-MØller-
Weare equation (Voigt, 2001, Drever, 2002; Bethke, 2004).  Only seven wells had ionic strength 
≥ 0.1 and were assessed using both models to compare differences in speciation and mineral 
saturation states.   
The saturation state, or saturation index (SI), of a mineral species is defined as  
SI = log IAP/Ksp 
where IAP is the ion activity product and Ksp is the thermodynamic equilibrium constant of the 
mineral.  If SI equals zero, then the system is at equilibrium.  The Ksp of gypsum used was 10-4.6, 
calcite was 10-8.4, and aragonite was 10-3.0 at 25 ˚C (Drever, 2002).  The accepted Ksp value used 
for dolomite was 10-17.2 (Drever, 2002); however, this value is debated due to the unreactive 
nature of dolomite at low temperatures and the range of compositions and ordering possible. 
Two different Geochemist’s Workbench programs were used to determine calcite 
saturation, and each program used different calculation parameters (Bethke, 2004).  The first 
program, SpecE8, incorporated a broad spectrum of available data, including temperature, pH, 
and all major dissolved cations and anions, to calculate saturation states, mineral speciation, and 
CO2 fugacity.  The second program, Act2, utilized pH and CO2 fugacity, which was computed 
from SpecE8.  Carbonate mineral equilibria operate under several different thermodynamic 
constraints, including temperature, pressure, pH, CO2 fugacity, and dissolved cations and anions 
(Machel, 1999).  Therefore, incorporation of more physiochemical properties in a model, such as 
with SpecE8, enhances the accuracy.   
 
Geographic Modeling of Aquifer Chemistry 
 
Spatial variability in aquifer chemistry was modeled to delineate the bad water line in 
relation to the study wells and to understand regional geochemistry as a function of geography.  
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Geochemical data from Geochemist’s Workbench were spatially graphed using Surfer version 8 
(Golden Software, Inc., 2002).   
 
 
RESULTS 
Physiochemical field measurements were used to understand the relationship of 
microcosm study wells to the wells within the regional geochemical system (Table 2.1). The 
geographic variability of chloride and TDS concentrations shows the bad water line (BWL) runs 
from SW to NE in northern Bexar County and was consistent with the location of the BWL 
identified from previous research (Fig. 2.2; Land and Prezbindowski, 1981; Clement and Sharp, 
1988; Oetting et al., 1996).    
Chloride values range from 0.25 to 214 mMolal and directly correlate to the geographic 
proximity of the BWL (Fig. 2.2).  For example, the southern half of the study area within the 
saline water zone had average chloride concentrations of 30 mMolal (n = 37), while the northern 
half of the study area had average concentrations of 0.4 mMolal (n = 40).  TDS ranges from 245 
to 5356 mg/L, with higher concentrations averaging 3,780 mg/L (n= 37) in the south and lower 
345 mg/L averages (n= 40) in the north.  
Temperature increased linearly with depth (Fig. 2.3A).  Lower temperature waters (≤30˚C) also 
were generally associated with lower TDS values (≤ 4,000 mg/L), but several relatively low 
temperature wells had some of the highest TDS measurements (Fig. 2.3B).  Most of the high 
temperature wells (≥ 30˚C) had TDS values ≤ 4,000 mg/L.  TDS showed no correlation with pH, 
as values for pH varied from 6.4 to 8.4, over the full range of TDS values (250 to 18,000 mg/L) 
(Fig. 2.3C); however, TDS showed positive correlation (r2 = 0.83)  with chloride, with the 
exception of the freshwater Randolph and Kyle #4 study wells which had low chloride 
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concentrations (Fig. 2.3D).  Temperature and pH data from the TWDB varied across the study 
area (Fig. 2.4).  Temperature increased towards the south, coincident with the approximate 
position of the bad water line.  Saline waters have slightly lower pH values than freshwater, 
becoming more acidic towards the south.        
 
 
 
Figure 2.2.  Chloride concentration (mMol) modeled geographically.  Red crosses represent 
TWDB well data points and green diamonds represent study wells.  Yellow line represents 
approximate location of the bad water line.  Study region outlined on a Texas county map (inset). 
 
 
 
 
 
 
 
 
 28
 
 
Table 2.1.  Field parameters from three study wells.  Units are in mMol, unless otherwise noted. 
N.D. = not determined. 
 
Measurement Kyle #4 Well Fish Hatchery #2 Well Sonterra #8 Well 
Conductivity 1 
Conductivity 2 
25,150 µS/cm 
23,600 µS/cm 
6,220 µS/cm 
11,180 µS/cm 
N.D. 
N.D. 
Dissolved oxygen 3 0.1  0.6  N.D. 
Nitrate 2 
Nitrate 3 
Nitrate 4 
0.15  
0.08  
0.05  
0.06 
0.02 
0.02  
N.D. 
N.D. 
Below detection 
Iron 2 
Iron 3 
0.002 
0.003 
0.0008 
0.01 
N.D. 
N.D. 
Phosphate 3 0.06 0.06 N.D. 
Ammonia 2 
Ammonia 3 
0.7 
0.8 
0.3 
2.7 
N.D. 
N.D. 
Salinity 1 6,400 mg/L 3,200 mg/L N.D. 
Sulfate 2 
Sulfate 4 
1.99 
3 
27 
26 
N.D. 
0.14 
Chloride 2 
Chloride 4 
14 
35 
108 
99  
N.D. 
0.3 
TDS 1 
TDS 2 
23,900 mg/L 
17,940 mg/L 
N.D. 
10,740 mg/L 
N.D. 
N.D. 
Sulfide 3 13.8 15.4 N.D. 
1 Data collected from probes in the field.  
2 Laboratory and field analyses from SAWS. 
3 Field analyses by spectrophotometry.  
4 Laboratory analyses from ion chromatography at LSU. 
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Figure 2.3.  Physicochemical well parameters.  (A) Depth versus temperature (r2 = 0.76); (B) 
TDS versus temperature; (C) TDS versus pH; (D) Chloride versus TDS (r2 = 0.83).  Red crosses 
represent study wells. 
 
 
A. B. 
C. D. 
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Figure 2.4.  Physiochemical 
properties modeled spatially.  
(A) pH, and (B) Temperature 
(˚C) modeled spatially.  Red 
crosses represent TWDB well 
data points and green 
diamonds represent study 
wells.  Yellow line represents 
approximate location of the 
bad water line. 
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Figure 2.5.  Piper diagram for TWDB wells.  One group corresponds to freshwater wells (blue 
circles), while a more disparate group corresponds to saline water wells (red hatched circles). 
 
 
A Piper diagram of well data showed that freshwater wells group together, having low 
chloride and low sulfate concentrations, but higher concentrations of bicarbonate and carbonate 
(Fig. 2.5).  Conversely, saline water wells had high sulfate and chloride concentrations.  High 
calcium waters range from low to high magnesium, with no observable correlation. 
There should be a 2:1 correlation between the concentrations of HCO3- and Ca ([HCO3-] 
and [Ca], respectively) if limestone dissolution contributed to the concentrations of HCO3- and 
Ca in the aquifer.  Most wells plotted along the 2:1 line (Fig. 2.6), although three of the study 
wells showed elevated levels of calcium in the water.  These wells were also generally deeper 
than the TWDB wells (Fig. 2.6B).  Deep wells were also associated with higher temperatures 
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Figure 2.6.  Concentration of HCO3- versus concentration of Ca.  (A) The majority of wells plot 
on the 2:1 line; (B) Diameter of green circles represents depth (7 to 750 m), showing deeper 
wells have more calcium than shallower wells.  Red crosses represent study wells.   
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Figure 2.7.  Calcite saturation vs. depth (m) vs. temperature (˚C).  Study wells are marked with 
red crosses.  Diameter of green circles and black triangles (for wells with ionic strength >0.1 and 
modeled using the Pitzer equation) corresponds to temperature (20-47 ˚C). 
A. B. 
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 and modeled as being supersaturated with respect to calcite (Fig. 2.7).   
When plotted against sulfate, waters were generally supersaturated with respect to calcite 
(Fig. 2.8A) and dolomite (Fig. 2.8B), and all waters were undersaturated with respect to gypsum 
(Fig. 2.8C).  Modeling of high ionic strength waters (>0.1), including two study wells, utilizing 
the Harvie-Møller-Weare equation significantly altered the calculated saturation states of the 
minerals (data not shown).  The higher ionic strength waters, and specifically those with higher 
sulfate concentrations, modeled as being supersaturated with respect to calcite and dolomite. The 
saturation indices of calcite and dolomite were lowered, resulting in some wells becoming 
undersaturated (e.g., Fish Hatchery #2, SI calciteDebye-Hückel = -0.28, and SI calciteHarvie-Møller-Weare 
= -0.41), and the saturation state of gypsum approached equilibrium. In general, higher ionic 
strength waters modeled as being weakly undersaturated with respect to gypsum compared to the 
low ionic strength waters in the freshwater zone (Fig. 2.8C).  Calcite and gypsum saturation did 
not spatially correlate with the BWL due to local variations in the concentration of sulfate (Fig. 
2.9).   
 There is an apparent inverse linear relationship between pH and pCO2 (as the –log of the 
partial pressure of CO2) (Fig. 2.11A).  As pH increased, pCO2 decreased.  Higher ionic strength 
waters correlated to lower pH and higher pCO2.   Most of the Edwards wells with lower pH and 
relatively high pCO2 were undersaturated with respect to calcite, which is in line with the fact 
that calcite should dissolve at lower pH. Unexpectedly, some of the well data that modeled as 
being supersaturated with respect to calcite plotted as being undersaturated when compared to 
Drever’s (1988) calculated equilibrium line for calcite at 25 oC.  Moreover, Geochemist’s 
Workbench modeled the waters as being supersaturated with respect to calcite at 25˚C (Fig. 
2.11B); changes in model temperature (15˚C  
 34
 
 
 
Randolph
Kyle #4
Fish Hatchery
Equilibrium
0 10 20 30 40
[SO4] mMol
-0.8
-0.4
0
0.4
0.8
1.2
1.6
Sa
tu
ra
tio
n 
of
 C
al
ci
te
Sa
tu
ra
tio
n 
of
 C
al
ci
te
  
supersaturated
undersaturatedKyle #4 Fish Hatchery
Randolph
0 10 20 30 40
[SO4] mMol
-1
0
1
2
3
4
S a
tu
r a
tio
n
of
D
ol
om
ite
S a
tu
r a
tio
n
of
D
ol
om
ite
 
 
 
Randolph Fish Hatchery
Kyle #4
Equilibrium
0 10 20 30 40
[SO4] mMol
-3
-2
-1
0
Sa
tu
ra
tio
n 
of
 G
yp
su
m
Sa
tu
ra
tio
n 
of
 G
yp
su
m
  
Kyle #4
Fish Hatchery
Randolph
undersaturated
supersaturated
0 20 40 60
Mmol
-0.8
-0.4
0
0.4
0.8
1.2
1.6
C
al
ci
te
 S
at
ur
at
io
n 
In
de
x
[Ca+Mg] 
Study wells - [Ca+Mg]
Pitzer - [Ca+Mg]
[Ca+Mg]-SO4
Study wells - [Ca+Mg]-SO4
Pitzer - [Ca+Mg]-SO4
C
al
ci
te
 S
at
ur
at
io
n 
In
de
x
 
 
 
Figure 2.8.  Mineral solubility modeled using Geochemist’s Workbench.  (A) Saturation index 
of calcite versus sulfate concentration. (B) Saturation index of dolomite versus sulfate 
concentration.  (C) Saturation index of gypsum versus sulfate concentration. (D) Saturation index 
of calcite versus the concentration of Ca, Mg, and SO4 (symbolized by brackets).  The data point 
diameters correspond to ionic strength (0.0003 to 0.3).  Triangles are saturation values computed 
with the Harvie-Møller-Weare equation.  Circles represent data modeled with an extended form 
of the Debye-Hückel equation.  Crosses represent study wells. 
A. B. 
C. D. 
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Figure 2.9.  (A) Gypsum and (B) calcite saturation indices modeled spatially.  Red crosses 
represent TWDB well data points and green diamonds represent study wells.  Yellow line 
represents approximate location of the bad water line.   
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Figure 2.10.  Calcite saturation index vs. TDS.  Study wells are represented by red crosses.  
(Inset)  Freshwater wells (<1,000 TDS) shown on expanded scale displaying range of calcite 
saturation indices for low TDS values in the freshwater.  
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Figure 2.11.  pCO2 versus pH.  (A) SpecE8 model results; black line represents pCO2 vs. pH for 
H2O in equilibrium with calcite in an open system at 25˚C, from Drever (1988).  Green circles 
are ionic strength values calculated from the Debye-Hückel equation (0.0003 to 0.3).  Black 
triangles represent pCO2 as modeled from the Harvie-Møller-Weare equations.  Study wells are 
shown in red. (B) Red line represents calcite equilibrium at 25˚C, (C) 15˚C, and (D) 50˚C, as 
modeled from Geochemist’s Workbench in Act2, which does not consider complexes.  Region 
shown below the red line is the calcium stability field. 
A. B. 
C. D. 
supersaturated 
undersaturated 
P CO2 
P CO2 P CO2 
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to 50˚C) did not affect the supersaturation state of calcite (Fig. 2.11C and D).  These conflicting 
model results indicate that the solubility of calcite in the Edwards Aquifer may be controlled by 
complex reactions and processes that will be explored further in the remainder of this thesis. 
Similarly, examination of [Ca] vs. CO2 showed that waters with high ionic strength 
model as being supersaturated with respect to calcite (as defined by the 25 ˚C calcite equilibrium 
line from Drever, 1988) (Fig. 2.12).  Interestingly, most freshwater wells plot along the 
equilibrium line for calcite in an open system from Drever (1988), but the saline water wells do 
not correlate to the SIs determined from Geochemist’s Workbench. The differences in the calcite 
saturation state, according to the Drever (1988) curve, may be because the Edwards system is 
closed, some of the waters have elevated levels of calcium, or due to the high concentrations of 
neutral and charged calcium complexes, such as CaSO40, CaCl0, and CaCHO3- (as speciated by 
Geochemist’s Workbench from the total measured calcium from the TWBD data). The 
complexes decrease the activity of free Ca2+ in solution (Fig. 2.11B). The SpecE8 program takes 
complexation into account, and therefore does not overestimate the saturation state of calcite in 
the waters.  
The [Mg]:[Ca] vs. sulfate plot showed that several of the wells are supersaturated with 
respect to dolomite, but the majority of wells were undersaturated (Fig. 2.13).  The 1:1 line 
indicates the line of saturation for dolomite.  Compared to Fig 2.8B, however, the 1:1 line 
suggests that only one of the three microcosm study wells were as supersaturated with respect to 
dolomite.  With the exception of this well, the wells supersaturated with respect to dolomite have 
lower ionic strength and lower sulfate concentrations.  Roberts et al. (2004) found that a 
[Mg]:[Ca] ratio of ~0.7 is in dolomite equilibrium.  Therefore, given their constraints, the  
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Figure 2.12.  Calcium complexation.  (A) Line shown for CO2 versus [Ca2+] for water in 
equilibrium with calcite at 25 ˚C (Drever, 2002).  Green circles correspond to ionic strength 
calculated from the Debye-Hückel equation and the black triangles represent ionic strength 
values calculated from the Harvie-Møller-Weare equation.  Study wells are shown in red and 
ionic strength corresponds to diameter of green circles (0.0003 to 0.3). (B) Total calcium 
concentration (Catotal) speciated in Geochemist’s Workbench as neutral and charged calcium 
complexes.  The free calcium (Ca2+, diamonds) concentrations are less than Catotal due to high 
complex concentrations. 
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majority of these waters plot in equilibrium or supersaturated with respect to dolomite, including 
two of the three microcosm wells. 
 
DISCUSSION 
The Edwards Aquifer saline and freshwater chemistries are the result of the interactions 
of several different processes, but by in large, limestone dissolution influences the chemistry of 
most freshwater and saline water wells (Fig. 2.6).  However, several wells do not follow the 2:1 
bicarbonate to calcium trend, and several processes may explain why this, including the effects 
of depth, temperature, differing TDS concentrations due to the presence of brines, carbonate 
dissolution due to water mixing, CO2 partial pressures, and the precipitation and reequilibrium of 
various mineral phases.  The results of this study demonstrate that these different geochemical 
processes cause variations in mineral saturation states, gas fugacity, and constituent speciation of 
the waters may also be affected by microbial processes and metabolism.  
The calculated saturation states of minerals are heavily dependent on which geochemical 
model was used.  The Harvie-Møller-Weare equation is better suited for higher ionic strength 
waters (Bethke, 2004).  Deviations in resulting geochemical (e.g., species) data based on the 
Debye-Hückel equation are due to the formation of ion pairs (Drever, 2002), a decrease in free 
ions due to the formation of ion pairs, and subsequent decrease in the solution ionic strength 
from the conversion of charged species to neutral or charged complexes (Drever, 2002).  
Decreasing activities of calcium and sulfate result in differences in saturation states for each 
mineral.  For example, in a concentrated solution, Ca2+ and SO42- are more likely to form ion 
pairs (Drever, 2002).  Therefore, the activities for these ions change and the saturation index for 
a phase will decrease (Drever, 2002).  For waters with IS > 0.1, when modeled with the Debye-
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Hückel equation, the waters were supersaturated with respect to calcite compared to results from 
the Harvie-Møller-Weare equation that modeled waters being closer to equilibrium (Fig. 2.8A, 
B, and C).  
Deeper wells have higher temperatures and modeled as being supersaturated with respect 
to calcite according to Geochemist’s Workbench models (Fig. 2.7).  Because calcite exhibits 
retrograde solubility, increasing temperature causes calcite to move toward supersaturation and 
precipitation (Drever, 2002).  Therefore, this is expected in the deeper areas of the aquifer.  
Conversely, as deep, warm waters rise, such as along faults, the waters can become 
undersaturated with respect to calcite due to decreasing pressures (Machel, 1999).  This may 
explain why shallower and cooler wells are undersaturated with respect to calcite (Fig. 2.6).     
When two chemically distinct water types mix, even if each water models as being 
supersaturated with respect to calcite, “mixture corrosion” can occur (Bogli, 1965; Palmer, 1991; 
Hill, 1992).  Because shallower wells can be influenced by the influx of freshwater recharge, 
which would quickly become supersaturated with respect to calcite (e.g., Ford and Williams, 
1989), mixing of freshwater with saline water (with both or either being supersaturated or in 
equilibrium with respect to calcite) could cause dissolution. This phenomenon has been observed 
in karst terrains (Machel, 1999), and may be occurring in the Edwards Aquifer in localized 
zones.  
When compared to depth (Fig. 2.6B), however, the chemistry of the deeper wells may not 
be the result of limestone dissolution alone, because the deeper waters in the Edwards Aquifer 
have higher TDS values and probably evolved from the mixing of several endmember fluids 
(Clement and Sharp, 1988; Oetting et al., 1996). For instance, elevated calcium in facies 2 has 
been explained by migrating Edwards Group brines and vertical leakage from the Glen Rose 
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Formation (Clement and Sharp, 1988), interactions among aquifer water, carbonates, and 
evaporites (Oetting et al., 1996), or from gypsum dissolution in the saline water (Oetting et al., 
1996). Moreover, mixing with regional brines also contributes to the high TDS but relatively low 
chloride (Figure 2.3D), and Clement and Sharp (1988) suggest that the high TDS is due to 
predominantly high Na (50 to 60% of the TDS).  For this study, mixing of brines with the 
Edwards waters may be most evident in Kyle #4 (Na = 0.45 mMol) and Randolph (Na = 0.4 
mMol) wells.   
The brines may also be contributing to the presence of hydrogen sulfide in the saline 
waters of the Edwards Aquifer. There are several possible sources for hydrogen sulfide, 
including basinal brine migration, interactions between igneous bodies and subsurface fluids, and 
sulfate-reducing bacteria in the deep aquifer (Rye et al., 1981; Palmer, 1991; Hill, 1992, 1995; 
Palmer, 1995; Jagnow et al., 2000).  Although there are also regional igneous intrusions, these 
geochemical processes are outside of the area of this study (Sharp, 1990),  and therefore 
migration updip from oilfield brines and metabolic byproducts of sulfate-reducing bacteria are 
the two most likely sources of hydrogen sulfide in the Edwards Aquifer saline water zone (Rye et 
al., 1981).  The sulfate-reducing bacteria may be consuming sulfate which is migrating up from 
the Glen Rose due to fault displacement (Maclay and Small, 1983). The microbial hydrogen 
sulfide could then serve as an energy source for other microorganisms, such as sulfur-oxidizing 
bacteria, also present in the saline waters (Grubbs, 1991).  
Geochemical modeling showed that saline waters were supersaturated with respect to 
calcite and dolomite, but all waters were undersaturated with respect to gypsum (Fig. 2.8A, B, 
and C).  These results for both saline water and freshwater are similar to what has been observed 
in the Madison Aquifer, Wyoming and South Dakota (Plummer et al., 1990; Fig. 2.14), another 
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carbonate aquifer system. As gypsum dissolves, it contributes excess calcium and sulfate to the 
water.  [Ca + Mg] values higher than [Ca + Mg] – SO4 indicate that gypsum dissolution may be 
contributing to calcite supersaturation due to the common ion effect (Fig. 2.8D). The common 
ion effect limits the extent to which acids ionize due to the presence of the conjugate base in 
solution (Kotz and Treichel, 1999), which consequently affects the pH of the solution.   
Even though some of the waters modeled as supersaturated with respect to dolomite (Fig. 
2.8B), the [Mg]:[Ca] ratios are slightly lower than 1 for varying [SO4] (Fig. 2.13), suggesting 
that dolomite would rarely precipitate in the aquifer.  However, Roberts et al. (2004) found that a 
[Mg]:[Ca] ratio of ~0.7 is in dolomite equilibrium for dilute waters.  Assuming equilibrium at a 
ratio of 0.7 [Mg]:[Ca], about half of the wells plot as supersaturated with respect to dolomite 
(Fig. 2.13), including two of the three study wells.  Also, most of the lower sulfate (freshwater) 
wells plot below the 1:1 line.  Higher calcium than magnesium near recharge zones is expected 
because calcite dissolves more rapidly than dolomite (Drever, 2002).  Therefore, the higher 
proportion of calcium in these shallow, freshwater wells may be due to recharge dissolution of 
calcite.   
The deeper aquifer wells also have high PCO2 concentrations, and there are three possible 
sources of elevated PCO2 in the saline water: (1) conditions created by a closed system, (2) 
enhanced dissolution of carbonate rocks in the aquifer, and (3) microbial metabolism, 
specifically enhanced respiration (Drever, 2002).  White (1988) defines an open system as one in 
which the PCO2 in the atmosphere is equal to that in solution and Clement and Sharp (1988) 
suggest that limited freshwater intrudes into the saline water zone. The Edwards saline waters 
have almost 100 times higher PCO2 than atmospheric levels (Fig. 2.12A), and therefore the 
Edwards Aquifer saline water zone should be considered a closed system.  However, because the 
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saline waters model as being supersaturated with respect to calcite, carbonate dissolution alone 
may not be contributing significantly to CO2 to the aquifer.  Several different microbial 
metabolic pathways in the saline water generate CO2, which would then contribute to an overall 
increase in the CO2 of the saline water, including fermentation, methanogenesis, iron-reduction, 
and sulfate-reduction (Megonigal et al., 2005).  
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CHAPTER 3: GEOMICROBIOLOGY OF EDWARDS AQUIFER SALINE 
WATERS 
 
INTRODUCTION   
 Chemosythetically based ecosystems have been identified from various environments all 
over the world, including deep-sea hydrothermal vents (Amend and Teske, 2005), hot springs 
(Chapelle et al., 2002), and caves (Vlasceanu et al., 1997; Sarbu et al., 1996; Hose et al., 2000).  
Microorganisms colonize areas where no sunlight penetrates, thus necessitating metabolic 
processes entirely reliant on other energy sources, such as iron, sulfur, hydrogen, and nitrogen 
(Northup and Lavoie, 2001).  Chemolithoautotrophs must metabolize alternate energy sources, 
utilizing coupled redox reactions to maintain cellular function. 
The Edwards Aquifer provides a unique opportunity to study the interactions of 
microorganisms with their environment due to the karstic nature of the aquifer, abundance of an 
alternate energy source in the form of hydrogen sulfide, and the implications for microbial 
influence on deep karst processes.  The presence of microorganisms in the Edwards Aquifer 
saline zone has been previously observed and documented (Grubbs, 1991), and down-well 
videos (this study) showed the presence of both filamentous biofilms attached to the aquifer rock 
and microbial biomass free-floating in the water column.   
 
MATERIALS AND METHODS 
Down-well Video 
 
Initially, to address whether microorganisms in the aquifer colonize the rock surfaces, a 
down-well video camera supplied by the EAA was used to visualize and characterize the existing 
biofilm on aquifer surfaces, including the planktonic vs. attached nature of the biomass.  Video 
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of the Fish Hatchery #2, Kyle #4, and Randolph wells aided in placement of microcosms at 
depth.  Additionally, video was available from a different Sonterra well located in the same 
region as the Sonterra #8 study well.  Good correlation of the two Sonterra wells was assumed 
due to their geographic proximity (< 500 m apart).   
 
In Situ Microcosm Design and Preparation 
 
An in situ microcosm approach was used to analyze abiotic and microbially mediated 
carbonate dissolution within the Edwards Aquifer.  The use of reactive and sterile chambers 
created a paired microcosm approach to compare biologic dissolution with abiotic effects from 
aquifer chemistry (Engel et al., 2004).  Microcosms were PVC pipes approximately 14 x 5.5 cm 
with caps on both ends (Fig. 3.1) and fitted with either a coarse mesh screen (approximately 
1mm mesh) or a 0.1 micron VVPP filter (Durapore ®).  Fragments (also termed chips) of Iceland 
spar calcite (Wards Scientific) and dolomite (Wards Scientific) totaling approximately 10 grams 
per microcosm were individually weighed five times prior to insertion into the microcosms.  
Average chip weight was 1.4 grams and geometric surface area averaged 6 cm2.  All carbonate 
chips and microcosms were autoclaved and cold-sterilized in 100% ethanol prior to assembly to 
reduce contamination of the microcosms.  The sterile microcosms were filled with deionized 
water which had been allowed to equilibrate with sterile calcite dust for several days and then 
was filtered to 0.1 µm to remove particulates.  Introduction of water undersaturated with respect 
to calcite would cause premature calcite dissolution.  The coarse mesh screen allowed for 
microbial colonization of the mineral fragments, while the 0.1 micron filter excluded bacterial 
colonization but allowed aquifer water to interact with the chips and thereby created a sterile 
microcosm.   
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Figure 3.1.  Microcosm setup with calcite chips.  F = 0.1 µm filter, M = coarse mesh, C = calcite 
chips. 
 
 
Microcosm Deployment and Retrieval 
 
To ensure the microcosm setups stayed suspended, the microcosms were weighted using 
non-reactive glass marbles in a mesh bag and suspended to approximately 150 to 220 meters 
depth in four study wells over a three month period.  Depth to water was determined using an 
electrical line.  Each well had between two and four microcosms, including one sterile control 
(Fig. 3.1).  Upon removal, microcosms were placed on ice in individual, sterile bags for transport 
to Louisiana State University (Figs. 3.2 and 3.3).  Microcosms were then stored at 6 ºC until 
laboratory analyses were completed.  
 
Percent Mass Loss 
 
Approximate mass losses or gains were determined for mineral chips in the microcosms.  
Each dried chip (55 ºC) was weighed five times, followed by sonication in a CaCO3 saturated, 
filtered solution to remove any detritus from the surface of the chip, including  
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Figure 3.2.  Retrieved microcosms from Kyle #4 shown hanging in tandem.  Black slime on the 
microcosms was collected for future laboratory analyses. 
 
 
    
Figure 3.3.  Chips removed from microcosms.  (A) Sterile chips; (B) reactive chips covered in 
black coating. 
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biomass.  The chips were redried and then reweighed.  Chips were measured on an APX 200 
(Denver Instrument) digital scale (0.0001 g).   
 
Scanning Electron Microscopy 
 
Examination of the chips was done using scanning electron microscopy (SEM), which 
allowed for visualization of microbial colonization patterns, microbial morphology, and mineral 
surface textural changes.  Calcite chips from each well were examined on the SEM at Louisiana 
State University (JEOL JSM – 840A Scanning Microscope) following fixation of cells to 
surfaces.  Fixation was done using the Hexamethyldisilazane (HMDS) preservation technique, 
which involved cacodylic acid buffer to kill off live bacteria, submersion in glutaraldehye for 
fixation, and dehydration by ethanol series (critical point drying) (Vandevivere and Bevaye, 
1992).  Chips were stub-mounted and gold coated, according to standard SEM procedure, for 20 
seconds.  Several additional calcite chips that were not in microcosms were sterilized and 
preserved by HMDS for SEM to provide an unreacted surface for comparison of surface features 
(e.g., dissolution and/or precipitation) and other abiotic (e.g., preservation artifacts) and biologic 
(e.g., contaminating cells) features.  Several microcosm chips were examined without HMDS 
preservation or critical point drying to determine if there were any surficial/textural effects due to 
preservation exclusively.  Microbial morphologies were visually identified as bacilli, cocci, or 
filamentous, and the presence of colonies, etching of the mineral surface, or precipitates were 
noted (Appendix B).  Photomicrographs were digitally acquired using NIH Image 1.62 software 
(Rasband, 1996), and only manual adjustments to contrast and brightness were done to the 
images.  Optimum conditions for the SEM included using an optical aperture of 3, accelerating 
voltage of 20 kV, and 6x10 -10 Amp probe current.   
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Energy dispersive x-ray analysis (EDAX) was utilized in combination with Genesis 
spectrum software (EDAX Inc., 2001) to determine the elemental composition of precipitates on 
experimental chip surfaces.  Analysis results are given as an energy spectrum, with standard 
elemental peaks used for comparison.  Working distance was 10 mm and accelerating voltage 
was 20 kV. 
 
RESULTS    
Video of all wells showed an abundance of small, spherical, white aggregates free-
floating in the water column and high turbulence of the water resulted in a “snow storm” 
appearance.  In some wells, long white filaments were suspended in the water column (Fig. 3.4). 
Once the camera entered the water column, large openings were seen in the side of the well with 
highly turbulent fast water flow being emitted.  Openings were also occasionally colonized by 
white filaments, forming a thick biofilm that moved in the water current.  Generally, the deeper 
parts of the wells contained more planktonic cells than the shallower zones, coinciding with the 
well casing.  This could result from different water chemistries in the cased versus non-cased 
sections of the well, particularly dissolved iron and more oxic waters in the cased areas.  The 
study wells Kyle #4 and Fish Hatchery #2 showed white spherical biomass free-floating 
throughout the water column.  The video from Sonterra showed white filamentous biofilms 
attached to aquifer rock above the water table (Fig. 3.4).   
Attempts were made to capture some of the biomass floating in the water column for 
genetic investigations; however, the patchy distribution, combined with turbulent flow, and the 
depths of the wells all prevented the capture of any visible biomass aggregates.  Biomass was 
then concentrated onto filters by pumping.   
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Figure 3.4.  Down-well video image of white filamentous microbial biomass free-floating in the 
water column.  Well is Sonterra, depth (feet) indicated at top left of each image.  Field of view is 
< 10 cm. Arrows indicate filamentous cells. 
 
Following three months deployment in the aquifer, the percent weight loss of the 
retrieved reactive and sterile chips was determined for all four study wells (Table 3.1).  Average 
chip weight loss was 3 mg over the three month period.  Sterile microcosms had between 0.08 
and 0.23 percent weight loss (average of 0.12 %; +/- 0.08; n = 17) while reactive microcosms 
had between 0.11 and 0.42 percent weight loss (average 0.23 %; +/- 0.14; n = 12).  The sterile 
microcosm from Fish Hatchery #2 contained the only chip, of six total, that gained weight 
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(0.0016 g).  This chip was not examined by SEM; however, SEM examination of another chip 
from this microcosm showed an abundance of cells and secondary precipitates.   
Microbial cells were observed on some sterile microcosm chips from Sonterra #8, Fish 
Hatchery #2, and Kyle #4, suggesting that some of the controls were not entirely sterile and 
closed to aquifer microbes.  Although the microcosm filters appeared intact, with no visible signs 
of tearing or leaking from the chamber, small air bubbles could have been trapped in the 
microcosms that would have created small punctures in the membrane and therefore allowed 
cells to enter and to colonize the calcite chips.  The drastic pressure change, from the surface to 
the deep aquifer, could have also caused bubbles to be expelled from the microcosms.  Cell 
morphologies from the sterile microcosms were predominantly bacilliform.  Interestingly, no 
cells were found on the sterile chips from Randolph.  This could result from more effective 
filtering of the longer cell morphologies present in the freshwater Randolph well. 
The reactive chips from Kyle #4 lost ~ 2 times as much mass as the sterile chips.  
However, the sterile chips from the bad water well Fish Hatchery #2 lost approximately twice as 
much weight as the reactive chips.  These data correlate to the geochemical models (Chapter 2) 
that indicated the water from Fish Hatchery #2 was slightly undersaturated with respect to calcite 
(SI calcite= -0.41).   
Twelve chips were examined by SEM including sterile and reactive chips.  Microbial 
cells from reactive calcite chips had a patchy distribution, and therefore determining cell density 
for an entire surface was not feasible.  Three general cell morphologies were identified, including 
baciliform, having ~ 2 micrometers length and ~ 0.3 micrometers width (Fig. 3.5A), coccoid 
with an average cell diameter of 1 micrometer (Fig. 3.5B), and filamentous of varying 
dimensions (Fig. 3.5D and E).  The majority of coccoid cells had a concave appearance at the  
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Table 3.1.  Table showing percent weight loss of calcite chips after three months in the aquifer.  
Coefficient of Variation (CoV) = Standard deviation / Average percent loss. 
Well Depth (m)  Average 
Percent Loss 
+/- Standard 
Deviation  
CoV n 
Fish Hatchery 
          Sterile 
          Reactive 
 
180 
 
0.24 
0.17 
 
0.16 
0.05 
 
0.69 
0.31 
 
30 
10 
Sonterra 
          Sterile 
          Reactive 
 
150 
 
0.06 
0.11 
 
0.03 
0.02 
 
0.48 
0.21 
 
25 
15 
Randolph 
          Sterile 
          Reactive 
 
220 
 
0.08 
0.21 
 
 
0.03 
0.09 
 
0.43 
0.45 
 
20 
20 
Kyle 4 
          Sterile 
          Reactive 
 
180 
 
0.09 
0.20 
 
0.03 
0.008 
 
0.33 
0.04 
 
10 
15 
 
center of the cells (Fig. 3.5B).  The concave texture observed for some cocci could either be the 
natural cell shape or a product of desiccation due to transportation or the HMDS fixation 
(Esteban et al., 1998).  For example, critical point drying by ethanol can cause up to 30% 
reduction in cell volume (Esteban et al., 1998).  The presence of a biofilm of cells and 
exopolysaccharides (glycocalyx) were observed as coatings on some of the calcite chips (Fig. 
3.5H), and the biofilms obscured the calcite surface textures (Fig. 3.5H).  Some areas of chips 
did have cell clusters, typically containing multiple cell morphologies (Fig. 3.5C and I).  SEM 
examination of chips from Randolph revealed cell morphologies distinct from the morphologies 
of the other wells (Fig. 3.5F); specifically, cells from the Randolph well were much longer, up to 
8 micrometers.   
Several aspects of microbial behavior were observed through SEM.  The presence of 
attachment structures, such as pili, indicated that the microorganisms were actively connected to 
the calcite chip surfaces (Fig. 3.6A and B).  Some areas possessed clusters of microbes (Fig.  
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Figure 3.5.  Cell morphologies observed on calcite chips from all four wells.  (A) Sonterra #8, 
sterile, bacilli; (B) Fish Hatchery #2, sterile, cocci; (C) Fish Hatchery #2, sterile, cluster of bacilli 
and cocci; (D) and (E inset) possible filamentous morphology from Sonterra #8, reactive; (F) 
longer bacillus found in freshwater well Randolph, reactive; (G) Fish Hatchery #2, reactive, a 
coiled filament; (H) Kyle #4, reactive, biofilm covering the surface of the calcite chip; (I) Fish 
Hatchery #2, sterile, a group of cells showing multiple morphotypes.   
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Figure 3.6.  Cellular behavior.  (A) and (B) Attachment structures from Fish Hatchery #2, 
sterile; (C) Fish Hatchery #2, sterile, several microbes group together; (D) Kyle #4, sterile, 
cellular division; (E) Fish Hatchery #2, sterile, and (F) Fish Hatchery #2, reactive, precipitating 
phase attached to cell.   
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Figure 3.7.  Surface textures.  (A) standard calcite chip surface has well formed edges with 
sharply defined crystal faces; (B) surface texture of standard calcite resulting from critical drying 
and HMDS preservation techniques; (C) surface texture without critical drying or HMDS 
fixation from Kyle #4, reactive. 
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Figure 3.8.  Precipitation features.  (A) Fish Hatchery #2, reactive; (B) Randolph, sterile; (C) 
Fish Hatchery #2, reactive. Both flaky and euhedral forms of iron oxide are shown covering the 
calcite surface. (D) Kyle #4, reactive, either flaky iron oxide or clay precipitate; (E) Sonterra #8, 
sterile, euhedral carbonate precipitation; (F) Kyle #4, reactive, gypsum “flower.” 
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Fig. 3.9.  Carbonate precipitation and dissolution shown occurring in the same area (A) Kyle #4, 
sterile, (B) Kyle #4, sterile, and (C) Fish Hatchery #2, reactive.  Precipitation features appear as 
well formed rhombohedral crystals. 
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3.6C). Also, cells were observed in the process of division (Fig. 3.6D) and excretion or 
attachment of a precipitate (Fig. 3.6E and F).   
Microbial cells were generally associated with calcite dissolution features.  Shallow etch 
pits of varying dimensions on calcite surfaces were usually coupled with microbial cells, while 
broad regions of dissolution rarely had microbes.  Chips from all four wells exhibited surface 
etching, both with cells present (Fig. 3.10) and without (Fig. 3.11).  Etching ranged from shallow 
surface pitting (Fig. 3.10A and B) to larger regions with a broken, crumbled appearance (Fig. 
3.11).  Where cells were associated with dissolution, the microbes were generally located in 
shallow dissolution pits on the surface of the calcite chips (Fig. 3.10 A, B, and C).  More 
extensive regions of dissolution generally lacked microorganisms (Fig. 3.11).   The reactive 
microcosms displayed both broad and shallow dissolution associated with microbes, while the 
“sterile” microcosms lacked broad dissolution but microbes were found in close association with 
shallow dissolution (Figs. 3.10 and 3.11).   
Calcite chips that were not used in microcosms did not show any dissolution features as 
compared to the experimental microcosm chips (Fig. 3.7A).  Reactive chips without HMDS and 
critical point drying were examined to ascertain the possible effects of preservation on surface 
textures or cell abundances.  There was a distinct difference in surface texture between HMDS 
preserved chips and non-preserved chips (Fig. 3.7B and C).  The preserved chips, both reactive 
and sterile, exhibited a mottled surface, while the non-preserved chips show no sign of this.  The 
non-preserved chip surfaces were generally smoother and had an even-texture compared to the 
chips preserved with critical point drying and HMDS.   
Precipitation features were observed on calcite chip surfaces, and iron oxides were 
common on all chips, as determined through EDAX spectra (Appendix B, #4Aa).  Iron 
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precipitates were both flaky and well-formed euhedral mineralization (Fig. 3.8A, B, and C).  
Clay-like precipitates were also observed on chip surfaces (Fig. 3.8D).   
Several chips showed both carbonate dissolution and precipitation occurring in close 
proximity (Fig. 3.9).  EDAX spectra confirms that precipitation features are calcite (Appendix B, 
#2b), compared to the standard unreacted calcite EDAX spectra (Appendix B, #SC).  Carbonate 
precipitation was generally rhombohedral euhedral (Fig. 3.8E).  Gypsum crystals were also 
present on some chip surfaces, confirmed through EDAX (Appendix B, #4Aa).  These are 
commonly well formed euhedral crystals or gypsum “flowers,” radiating from a central point 
(Fig. 3.8F).   
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Figure 3.10.  Dissolution features and cells.  (A) Kyle #4, sterile, cell located in an isolated 
dissolution pit, while precipitation features are to the left; (B) Kyle #4, sterile; (C) Fish Hatchery 
#2, sterile, cells located in dissolution pits; (D) Randolph, reactive, (E) Fish Hatchery #2, sterile, 
and (F) Fish Hatchery #2, sterile, more extensive areas of dissolution features associated with 
cells.   
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Figure 3.11.  Extensive areas of dissolution.  (A) Kyle #4, reactive; (B) Randolph, sterile; (C) 
Sonterra #8, reactive; (D) Kyle #4, reactive; (E) Kyle #4, reactive.  Broad regions of dissolution 
with no cell colonization; (F) Fish Hatchery #2, sterile, apparent dissolution of underlying calcite 
and precipitation of gypsum crystals.   
 
 
DISCUSSION 
Microbial enhancement of SAS has been documented in cave systems around the world 
(Hubbard et al., 1990; Hill, 1995; Engel et al., 2004), but this process has never been associated 
with the deep subsurface, such as an aquifer.  Little is known about the microbes present in the 
Edwards Aquifer saline water zone (Grubbs, 1991).  Microbial metabolic pathways, phylogenetic 
classification, and ecosystem function are all unknown at this time.  However, the role of 
microbes to aquifer evolution can be inferred from results from this study’s geochemical 
modeling, microcosm studies, and mass loss experiments.  The initial research goals were: (1) to 
determine the effects of aqueous chemistry on carbonate solubility in the aquifer and (2) to 
determine the effects of microbial colonization of carbonate surface in the aquifer.  This was 
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done to evaluate the combined effects of geochemistry and microbiology on carbonate solubility 
in the aquifer.  
The net mass loss results, combined with the results from geochemical modeling 
(Chapter 2), indicate that microbes may be impacting calcite dissolution in the aquifer.  Down-
well video indicates that aquifer surfaces are colonized by filamentous cells and metabolic 
byproducts (e.g., sulfuric acid) could enhance aquifer dissolution.   
Interestingly, the sterile chips from the bad water well Fish Hatchery #2 lost 
approximately twice as much mass as the reactive chips, which would be expected because the 
water from this well was slightly undersaturated with respect to calcite (SI calcite= -0.28).  For 
the reactive chips, it is possible that biomass may have prevented dissolution of calcite by 
impeding dissolution due to cells clogging etch pit openings (Lüttge and Conrad, 2004).  
However, this phenomenon was only observed in one well, indicating that bio-congestion of 
surfaces may not significantly reduce dissolution in the saline water zone as a whole.  
In general, statistically low mass losses were measured, but these losses are within the 
range determined to be acceptable for 98% reliability for a three month experiment duration 
(Trudgill, 1977).  A longer submersion duration would enhance any changes in chip mass and 
increase weight measurement reliability (Trudgill, 1977), but also increase the colonization of 
the surfaces and amount of biomass on the chips.  In this study, chips were retrieved from the 
aquifer after three months due to time constraints and the threat of artesian flow in the wells due 
to increased seasonal rainfall.  Precipitation of gypsum and dolomite, as observed through SEM, 
should contribute a small amount of mass gain to the chips; however, all but one of the chips lost 
weight.  Therefore, the amount of calcite dissolution is greater than the amount of precipitation 
occurring in the microcosms. 
 61
However, SEM did reveal some localized areas of precipitation.  Carbonates are both 
precipitating and dissolving in the aquifer, with Mg present in the precipitate as determined from 
EDS.  This is expected due to the water being supersaturated with respect to calcite and dolomite 
(Chapter 2).  Gypsum was also observed on the chips, despite waters being undersaturated with 
respect to gypsum (SI gypsum= -1.19 to -0.45).  Large gypsum crystals were observed directly 
associated with calcite dissolution pits, such as from the Fish Hatchery #2 well (Fig. 3.11F).  
Localized dissolution of calcite on the chip surfaces may contribute excess calcium to the water, 
and combined with sulfate could focus gypsum precipitation on the chips.  Microbial metabolism 
could be contributing to localized excess sulfate, and thereby drive gypsum precipitation on the 
surface (e.g., Engel et al., 2004).   
The low cell abundances observed on all chips could be a result of microcosm removal 
from the wells or the preservation process.  Lower observed cell abundances than what actually 
occurred in situ may have resulted from retrieval and pulling of the microcosms through water 
up to 375 meters depth.  Although microcosm retrieval was slow and steady, loose cells could 
have easily been washed from chips, especially in the reactive chambers with the coarse mesh 
screens.  The repeated rinsing of the chips in progressively stronger ethanol solutions may loosen 
the cells from the chips, especially in broad regions of dissolution due to greater surface area.   
Water chemistry in the saline water zone could support several different microbial 
metabolisms, including denitrification, sulfate reduction, methanogenesis, and fermentation.  
Denitrifiying bacteria, anaerobic or microaerophilic, could metabolize dissolved nitrate in the 
saline water zone and produce N2 or ammonia.  Nitrate levels have been measured in the saline 
water zone, but they are not consistently reported for each well (Table 2.1).  However, ammonia 
measurements are relatively high (0.3 – 2.7 mMol) in the study wells (Table 2.1), possibly 
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indicating microbial production of ammonia through denitrification.  Sulfate-reducing bacteria 
may be present in the aquifer, which may be migrating up and mixing from the Trinity Aquifer 
(Clement and Sharp, 1988).  The impact of sulfate-reducing bacteria may be significant, as these 
bacteria could consume the sulfate, generate H2S for sulfur-oxidizing bacteria, decrease the 
concentration of sulfate enough that dolomite precipitation may not be inhibited, and produce 
alkalinity.  Methanogens thrive at pH ranges from 6-8, temperatures ranges consistent with 
Edwards Aquifer waters, and salinities from freshwater to brines, while some are fairly intolerant 
of dissolved oxygen (Megonigal et al., 2005), conditions found in the Edwards Aquifer saline 
water zone.  Fermenting microorganisms could also inhabit the saline water zone, metabolizing 
organic compounds and producing H2 and CO2 (Megonigal et al., 2005).   
Physical colonization and breakdown of the calcite in the Edwards Aquifer, in the form 
of etch pits and broad regions of dissolution, may be enhanced by microbial cells are associated 
with both of these features.  Because some of the waters modeled as being supersaturated with 
respect to calcite, etching is not explained by aquifer chemistry alone. These results indicate that 
microbial colonization of the surfaces by microbes and metabolic byproducts, such as acids, are 
altering the surface chemistry sufficiently to affect the localized saturation state of calcite. 
Hence, microbes colonizing carbonate minerals in the aquifer could be increasing secondary 
porosity. 
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CHAPTER 4: CONCLUSIONS 
The impact of microorganisms on the process of SAS has been demonstrated for several 
sulfidic caves (Hubbard et al., 1990; Hill, 1995; Engel et al., 2004).  However, microbially 
mediated SAS has never been established in a deep aquifer setting.  The purpose of this research 
was to examine aquifer geochemistry and to determine if microbial colonization of aquifer rocks 
impacts on aquifer geochemical dynamics and evolution.   
The first goal of this research was to ascertain the effect of saline and freshwater 
chemistry on carbonate solubility in the Edwards Aquifer.  It was hypothesized that abiotic 
aqueous geochemistry did not operate in isolation to control carbonate solubility and that 
microbial processes played a role in dissolution.  The hypothesis was tested by combining field 
and laboratory geochemical data and modeling the geochemistry of the aquifer for prevalent 
carbonate mineralogies.  Data modeled from the TWDB and field analyses showed that saline 
water ranged in saturation state with regard to calcite and dolomite (SI calcite = -0.4 to +1.5; SI 
dolomite = -0.5 to +3.9), although most wells modeled as being supersaturated with respect to 
calcite and dolomite, but undersaturated or in equilibrium with respect to gypsum (SI gypsum= -
2.9 to -0.0002).   
The second goal of this research was to determine the relative impact of microbial 
activity on carbonate weathering in the aquifer.  It was hypothesized that microbes, such as 
sulfur-oxidizing bacteria, colonize carbonate rock surfaces in the saline water, utilizing hydrogen 
sulfide for metabolism, and producing sulfuric acid that enhances carbonate dissolution:     
H2S + 2O2 ↔ H2SO4       
H2SO4 + CaCO3 + H2O ↔ CaSO4·2H2O + CO2  
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The presence of microbes was confirmed through the use of down-well video and examination of 
experimental surfaces by SEM.  Examination of calcite surfaces for some of the wells, that 
modeled as being supersaturated with respect to calcite, had dissolution pits which were 
generally associated with microbes.  Byproducts of microbial metabolism (e.g., sulfuric acid) 
concentrated on aquifer carbonates may be creating localized zones of calcite undersaturation, 
resulting in dissolution and increased secondary porosity. 
The presence of precipitation features is consistent with aqueous chemical modeling 
results.  The majority (82%) of saline waters modeled as supersaturated with respect to calcite 
(SI calcite= -0.4 to +1.5).  Therefore, the presence of calcite precipitate on aquifer chips is 
expected.  However, precipitation features are observed in close proximity to both dissolution 
features and microbes.  This indicates that microbes may locally affect the surface geochemistry 
and saturation states of minerals surrounding their cells. 
The entire Edwards Aquifer ecosystem and specifically the saline water zones, may be 
energetically independent of photosynthetically produced allochthonous carbon and instead be 
based on chemolithoautotrophy, such as by sulfur-oxidizing bacteria, that gain and produce 
energy through redox reactions.  The microbial productivity could potentially support a complex 
community of organisms entirely dependant on chemical, and not photosynthetic, energy.  
Sulfur-oxidizers utilizing chemical energy in the saline water zone of the Edwards Aquifer 
would form the base of one of the largest chemoautotrophically-based ecosystems in the world.   
Evidence may rest in future research, such as on the blind catfish, Trogloglanis pattersoni, which 
is indigenous to the deep Edwards Aquifer, because it possesses mouthparts consistent with 
grazing (Longley, 1986) and may be consuming the aquifer biofilms.   
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Lack of significant dissolved oxygen in the saline water may not be inhibiting microbial 
growth from sulfur oxidation because nitrate may serve as an alternate electron acceptor.  
Microaerophilic sulfur-oxidizing bacteria require an electron acceptor in order to oxidize reduced 
sulfur compounds, and many generally use oxygen (Megonigal et al., 2005).  However, nitrate 
may be reduced in the absence of free oxygen, which yields ∆Gr0 of -732.1 kJ/mol S, compared 
to -798 kJ/mol S with oxygen (Amend et al., 2004): 
5H2S + 8NO3- ↔ 5SO42- + 4N2 + 4H2O + 2H+  (Eq. 15) 
This reaction also produces sulfuric acid, which could directly contribute to carbonate 
dissolution in the aquifer. 
Future research should evaluate more fully the impact of different microbial metabolisms 
on the aquifer, such as iron-reduction, denitrification, methanogenesis, and fermentation.  For 
instance, iron (III) reduction could proceed in the aquifer coupled to sulfur oxidation (Ehrlich, 
1996b): 
2Fe3+ + H2S ↔ 2Fe2+ + 2H+ + S0   (Eq. 13) 
This elemental sulfur could then be converted to sulfate, generating acidity (Eq. 10).  A separate 
microbial reaction pathway that does not form elemental sulfur generates acidity directly 
(Ehrlich, 1996b): 
 2Fe3+ + 2H2S ↔ FeS2 + Fe2+ + 4H+    (Eq. 14) 
Denitrifiers in the aquifer could consume nitrate, and acetotrophic methanogens could 
metabolizes acetate into CO2 (Megonigal et al., 2005), contributing excess N2, CO2, and CH4 to 
the system.  The microbial consortium present in the saline water could generate sufficient 
quantities of CO2 to increase the partial pressure of the system.  This increase in PCO2 explains 
why some of the wells are plotting as being undersaturated with respect to calcite, even though 
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the other models indicate that the waters are supersaturated (Fig. 2.11). Future measurement of 
gases, such as methane, would help to confirm the presence of these various metabolic groups.  
Although mass loss analyses and SEM examination of the calcite chips revealed that 
some chips had dissolved in 3 months, several other aspects of future work should be done to 
clarify the mechanisms controlling abiotic versus biotic carbonate dissolution.  Suspension of the 
chips for longer periods of time would allow for a better calculation of the rates of calcite 
dissolution throughout the aquifer (e.g., Trudgill, 1977).  The use of different sizes of calcite 
chips would provide varying surface areas for microbial adhesion, and could result in more 
sensitive weight loss estimates.  Incorporation of a freshwater study well would serve as a 
comparison for both geochemical and microbiological results.  Microcosms should be submerged 
when aquifer water levels are at or below average.  This would increase the amount of non-
artesian wells in the region, thus facilitating microcosm deployment.  Additionally, sterile 
microcosms should be redesigned to account for the change in pressure from surface to deep 
aquifer levels (up to 380 meters).  This might involve construction and transportation of the 
sterile microcosms in a pressurized chamber or the use of a dark flow-through cell positioned 
external to the well for flowing water. 
Microbial mediation of carbonate dissolution has major implications for deep 
karstification.  Some microbes can survive at high temperatures and pressures, with little or no 
oxygen (Amend and Teske, 2005), and such conditions are prevalent in deep aquifer 
environments.  Therefore, wherever an inorganic energy source that produces acidity as a 
byproduct is available (such as nitrate, hydrogen sulfide, or iron) in a carbonate subsurface 
environment, microbial mediation of dissolution can occur and result in a significant increase in 
secondary porosity. 
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In the Edwards Aquifer saline water zone, cells in close association with both dissolution 
and precipitation features indicate that microbial metabolism and colonization of carbonates may 
result in localized undersaturation with respect to calcite, even though the modeled aquifer 
geochemistry suggests that the waters are supersaturated.  Chips lost an average of 0.5 mg/cm2/3 
months or 2 mg/cm2/year, representing the mass removed from an exposed surface area over 
time.  This is equivalent to 20 g/m2/year, which is consistent with other studies from karst 
regions (Diaconu and Morar, 1993; Galdenzi et al., 1997).  Subaqueous exposure of carbonates 
to turbulent water in Frasassi Cave, Italy, resulted in 150 g/m2/year loss (Galdenzi et al., 1997), 
while subaerial exposure of carbonates in Movile Cave, Romania, resulted in 3.1 g/m2/year loss 
(Daiconu and Morar, 1993).  The Edwards Aquifer represents conditions intermediate to these 
examples.  Experimental kinetic studies have shown that several physical processes are involved 
in calcite dissolution, including diffusion, migration, and sorption (e.g., Morse and Arvidson, 
2002).  These processes complicate the determination of a dissolution rate based solely on 
chemical properties, and the physical environment should be considered in the future.   
Microbially enhanced carbonate dissolution in the Edwards Aquifer could significantly 
contribute to deep karstification through the removal of mass from aquifer surfaces.  
Colonization and dissolution of aquifer walls results in the gradual enhancement of secondary 
porosity throughout the aquifer.  Therefore, for the Edwards Aquifer, it appears that microbes are 
contributing to karstification in the deep aquifer through metabolic processes.   
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Cation and anion concentrations (modeled from Geochemist's Workbench)
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File         Date emplaced 
 
Date      Date retrieved 
 
Sample     Method of preservation 
 
Mineral     Coating material 
 
Description     Time of coating 
 
Duration in place    Accelerating voltage 
 
Are microbes present?        Singles?           Groups? 
 
No. types present   Cocci           Rods       Branchy 
 
Radius of microbes   Length 
 
Etching    Secondary minerals? 
 
Comments 
 
 
 
 
 
         
 
       
 
       
 
10/6/05 
Fish Hatchery #2 
calcite 
Reactive 
3 months 
X X
1
EAP3A 6/22/05 
9/13/05 
HMDS 
Gold 
3 minutes 
20 kV 
X
.5 µm 2 µm
X
Precipitates (Iron-oxide-like) form on some cells.  These precipitates are also found on 
calcite surface.   
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File         Date emplaced  
 
Date      Date retrieved 
 
Sample     Method of preservation 
 
Mineral     Coating material 
 
Description     Time of coating 
 
Duration in place    Accelerating voltage 
 
Are microbes present?        Singles?           Groups? 
 
No. types present   Cocci           Rods       Branchy 
 
Radius of microbes    Length 
 
Etching    Secondary minerals? 
 
Comments 
 
 
 
 
    
 
    
 
    
 
10/7/05 
Fish Hatchery #2 
Calcite 
Sterile 
3 months 
X X X
2
EAP 3C 6/22/05 
9/13/05 
HMDS 
Gold 
2 min. 
20 kV 
X X
varies varies
X X
Multiple cells colonize this chip.  Multiple morphotypes.  Calcite dissolution and 
precipitation. 
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File         Date emplaced  
 
Date      Date retrieved 
 
Sample     Method of preservation 
 
Mineral     Coating material 
 
Description     Time of coating 
 
Duration in place    Accelerating voltage 
 
Are microbes present?        Singles?           Groups? 
 
No. types present   Cocci           Rods       Branchy 
 
Radius of microbes    Length 
 
Etching    Secondary minerals? 
 
Comments 
 
 
 
 
    
 
    
 
    
10/11/05 
Kyle #4 
Calcite 
Sterile 
3 months 
X X X
2
EAP 4B 6/22/05 
9/14/05 
HMDS 
Gold 
2 minutes 
20 kV 
X X
0.75 µm 2 µm
X X
Dissolution pits are seen surrounding cells.  Dissolution and precipitation in the same 
area. 
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File         Date emplaced  
 
Date      Date retrieved 
 
Sample     Method of preservation 
 
Mineral     Coating material 
 
Description     Time of coating 
 
Duration in place    Accelerating voltage 
 
Are microbes present?        Singles?           Groups? 
 
No. types present   Cocci           Rods       Branchy 
 
Radius of microbes    Length 
 
Etching    Secondary minerals? 
 
Comments 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
10/11/05 
 
Calcite 
Standard Calcite 
N/A 
X X
1
EAP 4C N/A 
N/A 
HMDS 
Gold 
2 minutes 
20 kV 
X
0.75 µm 2.5 µm
The cell could have come from the HMDS preservation liquids.  Notice rough texture 
resulting from HMDS preservation. 
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File         Date emplaced  
 
Date      Date retrieved 
 
Sample     Method of preservation 
 
Mineral     Coating material 
 
Description     Time of coating 
 
Duration in place    Accelerating voltage 
 
Are microbes present?        Singles?           Groups? 
 
No. types present   Cocci           Rods       Branchy 
 
Radius of microbes    Length 
 
Etching    Secondary minerals? 
 
Comments 
 
 
 
 
    
 
   
 
 
 
 
 
 
 
 
10/11/05 
Kyle #4 
Calc or dolomite 
Reactive 
3 months 
X X
1
EAP 4A 6/22/05 
9/14/05 
HMDS 
Gold 
2 minutes 
20 kV 
X
.75 µm 2 µm
X
Large areas of dissolution observed without cells associated…cells could be washing 
off during retrieval or preservation. 
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File         Date emplaced  
 
Date      Date retrieved 
 
Sample     Method of preservation 
 
Mineral     Coating material 
 
Description     Time of coating 
 
Duration in place    Accelerating voltage 
 
Are microbes present?        Singles?           Groups? 
 
No. types present   Cocci           Rods       Branchy 
 
Radius of microbes    Length 
 
Etching    Secondary minerals? 
 
Comments 
 
 
 
 
    
 
    
 
 
 
 
 
 
 
 
1/10/06 
Sonterra 
Calcite 
Sterile 
3 months 
X X
1
EAP1D 6/20/05 
9/12/05 
HMDS 
Gold 
20 seconds 
20 kV 
X
0.5 µm 1.5 µm
X
Precipitation features have a euhedral appearance, few microbes on this chip. 
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File         Date emplaced  
 
Date      Date retrieved 
 
Sample     Method of preservation 
 
Mineral     Coating material 
 
Description     Time of coating 
 
Duration in place    Accelerating voltage 
 
Are microbes present?        Singles?           Groups? 
 
No. types present   Cocci           Rods       Branchy 
 
Radius of microbes    Length 
 
Etching    Secondary minerals? 
 
Comments 
 
 
 
 
       
 
         
 
         
1/10/06 
Sonterra 
Calcite 
Reactive 
3 months 
X X X
2
EAP1C 6/20/05 
9/12/05 
HMDS 
Gold 
20 seconds 
20 kV 
X X
varies varies
X
“Sausage” shaped microbes may be filamentous.  Exopolysaccharides (glycocalyx) can 
be seen covering some chip surfaces. 
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File         Date emplaced  
 
Date      Date retrieved 
 
Sample     Method of preservation 
 
Mineral     Coating material 
 
Description     Time of coating 
 
Duration in place    Accelerating voltage 
 
Are microbes present?        Singles?           Groups? 
 
No. types present   Cocci           Rods       Branchy 
 
Radius of microbes    Length 
 
Etching    Secondary minerals? 
 
Comments 
 
 
 
 
    
 
    
 
  
 
1/11/06 
Randolph 
Calcite 
Reactive 
3 months 
X X X
EAP2A 6/21/05 
9/12/05 
HMDS 
Gold 
20 seconds 
20 kV 
X
varies varies
Longer cell morphologies are present on this chip (up to 8 µm). 
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File         Date emplaced  
 
Date      Date retrieved 
 
Sample     Method of preservation 
 
Mineral     Coating material 
 
Description     Time of coating 
 
Duration in place    Accelerating voltage 
 
Are microbes present?        Singles?           Groups? 
 
No. types present   Cocci           Rods       Branchy 
 
Radius of microbes   Length 
 
Etching    Secondary minerals? 
 
Comments 
 
 
 
 
 
       
 
       
 
       
1/18/06 
Randolph 
Calcite 
Sterile 
3 months 
EAP 2B 6/21/05 
9/12/05 
HMDS 
gold 
20 sec 
20 kV 
X
Both dissolution and precipitations features are seen.  Possibly iron oxides and calcite. 
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  Calcite precipitate EDAX 
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File         Date emplaced  
 
Date      Date retrieved 
 
Sample     Method of preservation 
 
Mineral     Coating material 
 
Description     Time of coating 
 
Duration in place    Accelerating voltage 
 
Are microbes present?        Singles?           Groups? 
 
No. types present   Cocci           Rods       Branchy 
 
Radius of microbes   Length 
 
Etching    Secondary minerals? 
 
Comments 
 
 
 
 
       
 
       
   Calcite EDAX 
1/18/05 
 
Calcite 
Standard Calcite 
N/A 
EAP SC N/A 
N/A 
HMDS 
gold 
20 sec 
20 kV 
EDAX spectra confirms that chip is standard calcite. 
 105
File         Date emplaced  
 
Date      Date retrieved 
 
Sample     Method of preservation 
 
Mineral     Coating material 
 
Description     Time of coating 
 
Duration in place    Accelerating voltage 
 
Are microbes present?        Singles?           Groups? 
 
No. types present   Cocci           Rods       Branchy 
 
Radius of microbes    Length 
 
Etching    Secondary minerals? 
 
Comments 
 
 
 
 
 
         
 
        
 
   
1/25/05 
Fish Hatchery 
calcite 
reactive 
3 months 
X X
1
EAP 3Aa 6/22/05 
9/13/05 
N/A 
Gold 
20 sec 
20 kV 
X
1 µm >5 µm
X X
Long cell form seen could be filamentous.  Possible iron-oxide precipitate seen. 
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File         Date emplaced  
 
Date      Date retrieved 
 
Sample     Method of preservation 
 
Mineral     Coating material 
 
Description     Time of coating 
 
Duration in place    Accelerating voltage 
 
Are microbes present?        Singles?           Groups? 
 
No. types present   Cocci           Rods       Branchy 
 
Radius of microbes    Length 
 
Etching    Secondary minerals? 
 
Comments 
 
 
 
 
 
        
 
         
 
        
1/27/05 
Kyle #4 
Calc. & dolomite 
reactive 
3 months 
X X
1
EAP 4Aa 6/22/05 
9/14/05 
none 
Gold 
20 sec 
20 kV 
X
varies varies
X X
Glycocalyx present covering some areas of dissolution.  Gypsum precipitation adjacent 
to calcite dissolution illustrates common ion effect.  Some precipitate could be clay. 
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      Gypsum EDAX 
 
 
  Iron-oxide EDAX 
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